Uterine horns from unmated, pseudopregnant (days 1-5) and pregnant (days 4 and 5) mice were dissected and treated with collagenase (5 mg/ml) in a Ringer solution to isolate viable endometrial cells with maximal recovery of the luminal epithelium.
Introduction
The intimate association established between the blastocyst and uterine epithelium during early pregnancy in rodents has led to the widely held belief that luminal epithelial cells are involved in the transmission of a stimulus or signal from the embryo to the underlying stromal tissue for induction of the decidual cell reaction (DCR) (Finn and Porter 1975; Jonsson et al. 1979; Lundkvist et al. 1979) . This proposal is supported by the recent experimental findings of Lejeune et al. (1981) which more directly indicate that the luminal epithelium is an obligatory transmitter of the deciduogenic stimulus in rats.
The association between the blastocyst and the luminal epithelium at the time of decidual cell induction may involve cell surface alterations (Johnson and Calarco 1980) that facilitate interactions between glycoprotein residues (Buxton and Murdoch 1982) with the subsequent production by the epithelial cells of the transmitter material. Although the identity of this putative transmitter substance remains obscure, the available evidence suggests that prostaglandins may be contenders for the role (Tobert 1976; Kennedy 1977; Rankin et al. 1979; Lundkvist and Nilsson 1980) and may include prostacyclin (PGI 2 ) .
One experimental approach that could help to elucidate both the nature of the blastocyst stimulus and the transmitter role of the uterine luminal epithelium is to study the in vitro metabolism of isolated epithelial cells in the presence of various stimuli. However, most procedures adopted for the isolation of epithelial cells from the uterus and other tissues rely to varying extents on the use of potentially damaging physical forces and/or treatment with proteolytic enzymes, such as collagenase or trypsin (Alberga and Baulieu 1968; Smith et at. 1970; Boshier and Katz 1975; Heald et at. 1975; Kimmich 1975; Guy et at. 1977; Kirk et at. 1978; Fagg et al. 1979) . Although the enzyme-based procedures are disadvantaged by causing cell-surface alterations (Inbar and Sachs 1969; Kraemar 1971) , those using collagenase have found wide application because many of the adverse effects of trypsin are avoided and they gently disintegrate tissues into single-cell populations suitable for culture. In this context, Pietras and Szego (1979) indicated that endometrial cells isolated from the rat uterus with collagenase were capable of hormone-evoked growth in primary culture.
It has recently been reported that the cell-surface effects of collagenase are reversible (Moskalewski and Thyberg 1981) . It is therefore likely that collagenasebased procedures may be increasingly exploited in future attempts to obtain epithelial cell preparations for study, particularly if technological improvements can be achieved to maximize cell yields and purity. In view of these considerations, the metabolic properties and viability of endometrial cells isolated from the mouse uterus with collagenase were investigated in the present study. Uterine horns from pseudopregnant and pregnant animals were treated with the enzyme to recover the maximum number of luminal epithelial cells. The viability of the cells and their retention of metabolic functions were assessed using dye-exclusion techniques and metabolic inhibitors. In addition, the response of the cells to concanavalin A (Con A), insulin, and various substrates, and their ability to oxidize radioactive glucose at different reproductive stages were also investigated.
Materials and Methods

Materials
Biochemicals and other materials were purchased from the following sources: Clostridium histolyticum collagenase (EC 3.4.24.3) 
Animals
Female Quackenbush strain mice, aged 8-12 weeks, were used in all experiments and were housed as previously described (Murdoch et al. 1978) . Pregnancy or pseudopregnancy was induced by pairing the females with intact or vasectomized males,. respectively. The females were examined for copulation plugs each morning and the day of finding a plug was designated as day 1 or the first day of pregnancy or pseudopregnancy. Mice were killed by cervical dislocation at 0900 h on the required day of pseudopregnancy or pregnancy.
Isolation of Endometrial Cells
At the time of autopsy, mice were quickly dissected to expose the uterine horns which were immediately opened in situ along the anti-mesometrial axis using heat-sterilized fine scissors. Each horn was then individually excised and placed in a Petri dish containing about 5 ml of Ca 2 +-and Mg2+ -free (incomplete) Ringer solution at 37"C. The Ringer solution (complete) used in experiments was similar to that described by Pietras and Szego (1979) . It contained 136· 9 mM NaCI, 2·7mM KCI, 0'5mM CaCI2, 0·5mM MgCI2 and ImM sodium pyruvate and was buffered at pH 7·4 with 8· 1 mM Na2HP04 and 1·5 mM KH2 P04. The solution was supplemented with 1 % (w/v) rather than 0·1 % (w/v) bovine serum albumin to minimize cell surface effects due to proteolytic enzymes contained in the collagenase preparation described below.
Each uterine horn was trimmed free of connective and fatty tissue under a dissecting microscope and divided into two pieces by cutting longitudinally along the mesometrial axis while still immersed in solution. The dissected uterine horns were then incubated for 30 min at 37°C in a conical flask containing fresh incomplete Ringer solution and collagenase at a concentration of 5 mg/ml, with gentle agitation. The results of preliminary studies indicated that epithelial cells were successfully liberated from the uterus by this method only when there were no more than four pieces of dissected uterine tissue (equivalent to one whole uterus) per millilitre of collagenase solution. In all experiments, therefore, care was taken not to exceed this ratio when dissected uterine horns were treated with collagenase.
At the end of the incubation period the uterine horns were removed from the collagenase solution with fine forceps and the remaining cell suspension was filtered through Spectramesh to remove any large cellular aggregates. The filtered suspension was then centrifuged at 360 g for 5 min and the pelleted cells were washed once in 5 ml of incomplete Ringer solution to remove any remaining collagenase. Dead endometrial cells and red blood cells were then removed from the cell suspension (0·5 ml) by centrifuging at 1500g for 15 min on 3 ml of Ficoll-Paque. The endometrial cells remaining at the interface of centrifuged preparations were carefully removed and were washed twice in 5 ml of incomplete Ringer solution. Cells were finally dispersed in a volume of pyruvate-free complete Ringer solution convenient for study, and their viability was immediately evaluated by the dye-exclusion method described by Pietras and Szego (1979) using 0·05% (w/v) nigrosin. Cell numbers were estimated using a haemocytometer.
Microscopic Examination of Uteri
Uteri incubated in the presence and absence of collagenase as described above were placed in Bouin's fixative and embedded in paraffin-wax. Sections (5 pm) cut from the mid-region, uterotubal junction and cervical ends of the uterus were stained with Cole's haematoxylin and eosin and examined under the light microscope.
Metabolic Studies
The metabolism of endometrial cells isolated from the uteri of pregnant (days 4 and 5), pseudopregnant (days 1-5), and unmated, cycling mice (selected without regard for oestrous cycle activity) was assessed using Warburg manometric techniques as described by Umbreit et al. (1972) . Unless otherwise stated, endometrial cell suspensions (0'5 ml, 2x 10 6 -4 x 10 6 cells per flask) were incubated with O' 5 ml of pyruvate-free· complete; Ringer solution containing o-[U-14 C]glucose (2·0pmol; 5OOnCi) in single side-ami Warburg flasks of 6ml capacity at 37°C for 90 min. The flasks also contained CO2-free 20% (w/v) KOH (0·1 ml) in the centre well and 0'05M H2S04 (0· 2 ml) in the side-arm. Oxygen consumption was measured at 30-min intervals by using air as the gas phase. At the end of the incubation period, the contents of the side-arm were tipped into the main compartment of the flask and incubation was continued for a further 30 min. Glucose oxidation was determined by the measurement of 14C02 trapped in the KOH of the centre well. The KOH was washed with O' 7 ml of distilled water into a scintillation vial containing 10 ml scintillation fluid and counted by liquid scintillation techniques.
Control flasks not containing endometrial cells but identical to the experimental flasks in all other respects, were included in all experiments to ensure that estimates of oxygen uptake and oxidative capacity were attributable solely to the metabolic functions of the cells.
The extent to which the cells retained their metabolic functions after isolation was assessed by incubating cell suspensions as described above in the presence of various inhibitors, including ouabain (200 11m), phlorizin (2 !TIM), 2,4-dinitrophenol (200 11m), and iodoacetate (5 mM) (Kimmich 1975) . The metabolic responses of the cells to Con A (100 Ilg/ml) and insulin (0·1 i.u./ml) in the presence and absence of methyl-oc-D-mannopyranoside (50 mM) were also studied in view of previous reports that the lectin exerts insulin-like activities in other cell systems (Cuatrecasas and Tell 1973; Czech and Lynn 1973; Katzen and Mumford 1976) . Finally, the rate of oxygen consumption by the cells in the presence of various exogenous substrates was measured to test for evidence of a Crabtree effect (Martinez and Nunez de Castro 1980) and to gauge the extent to which the metabolism of endogenous substrates contributes to estimates of respiration.
Lectin-induced Agglutination of Endometrial Cells
Since Con A binds to uterine epithelial cells (Enders and Schlafke 1974) and induces a DCR in pseudopregnant mice through an interaction with the epithelium (Buxton and Murdoch 1982) , experiments were conducted to determine the susceptibility of isolated endometrial cells to agglutination in the presence of the lectin. Cell suspensions from unmated, cycling mice and from pseudopregnant and pregnant mice were incubated with Con A (lOOllg) in a total volume of 1 ml of complete Ringer solution at 37°C for 30 min in the presence and absence of 50 mM methyl-oc-Dmannopyranoside (hapten). Cell numbers were counted using a haemocytometer and agglutinability was determined using the following relationship: 
Replication of Experiments and Statistical Methods
Unless stated otherwise, experiments were replicated six times using different cell preparations on each occasion. The significance of results was assessed by analysis of variance after converting the primary data to logarithms. Index of agglutination values were converted to angles prior to statistical analysis. Comparisons between treatments were made using Student's t-test. Values in the tables are means ± standard error of the mean of unconverted data.
Results
Isolation of Cells
Figs la and Ib show transverse sections of dissected uterine horns from unmated, cycling mice incubated for 30 min at 37°C in incomplete Ringer solution containing or not containing collagenase. In the absence of collagenase, the luminal epithelium remained intact and the only cells liberated from the uterus under these conditions were a small number of red blood cells and leucocytes. Treatment with collagenase, caused the total removal of the luminal epithelial cells, but also caused some damage to the underlying stromal tissue. At the end of the incubation period the cells were present in the enzyme-containing medium as single entities and little evidence was found for the presence of aggregated cellular material. When cell aggregates did occur they were effectively removed from suspensions by filtration through Spectramesh N. Contaminating red blood cells and most dead cells were also successfully removed by centrifugation on Ficoll-Paque.
Although the sections illustrated in Figs la and Ib were taken from the midregion of the uterus, they are typical of those prepared from other parts of the uterus, including the uterotubal junction and cervical ends of the uterus. Similar sections and endometrial cell preparations were also obtained from pseudopregnant (days 1-5) and pregnant (days 4 and 5) mice.
Haemocytometer counts of 14 cell preparations indicated that (1·32 ± 0·08) x 10 6 cells were collected from each uterine horn. Nigrosin dye-exclusion tests showed that no less than 98 % of the cells in each preparation were viable.
An important finding was that uterine horns, when opened only along the antimeso-metrial axis and not subsequently dissected into two pieces, released epithelial cells from discrete areas rather than from the whole uterus when treated with collagenase. Table 1 shows that isolated uterine endometrial cells from unmated, pseudopregnant and pregnant mice incubated with D-[U-14 C]glucose for 90 min at 37°C consumed oxygen and oxidized the exogenous substrate to 14COz at rates sufficient to permit the measurement of these metabolic parameters by Warburg manometric techniques. The rates of oxygen uptake and glucose oxidation by the cells remained essentially unaltered during early pseudopregnancy, but both parameters significantly increased on day 4 of pregnancy. Values recorded on day 5 of pregnancy were, however, not significantly different from those obtained with unmated, control mice. The metabolism of endogenous materials appeared to make a substantial contribution to the oxygen consumption of the cells. Thus, the rate of oxygen uptake at all reproductive stages studied was considerably greater than· that required merely to support the oxidation of the exogenous radioactive gluco~e.
The endometrial cells from uteri at all reproductive stages described in Table 1 agglutinated when incubated with Con A. However, the agglutination index was significantly increased on days 1, 4 and 5 of pseudopregnancy, and on days 4 and 5 of pregnancy when compared with cells from unmated, control animals. The addition of 50 mM methyl-a-D-mannopyranoside inhibited the Con A-mediated agglutination of the cells in all cases.
The results of experiments conducted to assess the oxidative capacity of isolated uterine endometrial cells in response to various metabolic inhibitors, Con A and insulin, are shown in Table 2 . Uteri from day-4 pseudopregnant mice were used as a source of endometrial cells in this study, and D-[U-14 C]glucose was again employed as the exogenous substrate. The addition of ouabain, phlorizin and iodoacetate significantly (P < 0·01) depressed the rate of oxidation of radioactive glucose, while 2,4-dinitrophenol, Con A and insulin significantly (P < 0·01) increased this metabolic parameter. When 50 mM methyl-IX-D-mannopyranoside was included in the incubation mixture, the stimulatory effects of Con A and insulin were either reduced or unaltered, respectively. Table 2 . Effects of metabolic inhibitors, Con A, and insulin, on tbe oxidation of uniformly labelled glucose by uterine endometrial cells from day-4 pseudopregnant mice Values are the means ± standard errors for six replicates. Glucose oxidation values were calculated per 10 6 . cells per 90 min. *, ** Significantly different from the control group, P < 0·05, P < O·O<H, The rate of oxygen consumption of cells from pseudopregnant mice incubated in the presence of either glucose (2 mM and 10 mM), lactate (4 mM), pyruvate (4 mM) or acetate (6 mM) was not significantly different from that observed in the absence of any added substrate (results not shown). Thus, the addition of exogenous substrates failed to alter the rate of oxygen uptake from that attributable to the metabolism of endogenous sources and no evidence of a Crabtree effect was detected. In these experiments, cells consumed 2·16±0·37 III of oxygen over 90 min at 37°C. This value represents the mean ± standard error of 36 observations. Riggs and Pan (1972) showed that rat uterine tissue preincubated in vitro under physiological conditions undergoes metabolic changes that lead to an increase in its ability to transport various amino acids and other amine-containing compounds. In order to determine whether similar changes occur in mouse uterine endometrial cells after isolation to influence the transport of carbohydrates, and thus the metabolic values reported above, cells from day-4 pseudopregnant mice were preincubated in the present study for 3 h at 37°C in complete Ringer solution containing or not containing 1 mM pyruvate before assessing their capacity to oxidize radioactive glucose. The results of these experiments (not shown) indicated that a 3-h preincubation period did not significantly alter the rate at which the cells either consumed oxygen or oxidized radioactive glucose to 14C02. The addition of pyruvate during preincubation failed to exert any beneficial effects on the subsequent metabolism of the cells. Oxygen uptake and glucose oxidation values, both before and after preincubation, were similar to those obtained from pseudopregnant mice in Table 1 . The dye-exclusion procedure also indicated that the cells remained viablehover the entire experimental period.
.'
Discussion
, The present results leave little doubt that mouse uterine endometrial cells, isolated from suitably dissected uterine horns to achieve the maximal recovery of luminal epithelial cells, retain their oxidative capacities and remain viable after treatment with collagenase. The cells consumed oxygen in a linear fashion over a 90-min period~ 'oxidized radioactive glucose to 14C02, and responded to various metabolic inhibitors in a manner consistent with that of cells possessing normal transport and oxidative functions (see Kimmich 1975) . The metabolism of endogenous materials may be an important factor for survival after isolation since the addition of exogenous energy sources failed to cause any direct effect on the rate of oxygen consumption or influence the subsequent metabolism and viability of the cells after a 3-h incubation period in vitro. It is possible, however, that the bovine serum albumin in the incubation medium may have contributed to the metabolism and survival of the cells
by preventing the early onset of degenerative changes that lead ultimately to disintegration (Kimmich 1975) .
The increased oxidative metabolism of the cells on day 4 of pregnancy, but not on day 4 of pseudopregnancy, may reflect a relatively short-lived response to stimulation by blastocysts in the uterus in combination with differences in the secretion rates of ovarian steroids (Forcelledo et al. 1981) . Thus, these results indicate that major changes in the rates of oxygen uptake and oxidation of glucose do not occur during pregnancy until such time as the endometrial tissue is appropriately sensitized by ovarian hormones and stimulated to participate in the nCR. If it is true that the metabolically unstable compound, PGI 2 , is involved in this process , and that the metabolic changes reported in the present study facilitate its production by the epithelial cells, then the above proposal represents a plausible mechanism for the conservation of metabolic processes required for the timely production of transmitter material. In this context, the deciduogenic action of Con A in mice (Buxton and Murdoch 1982) may be explained by its ability to stimulate the oxidative metabolism of endometrial cells from pseudopregnant animals (present study). Because the collagen content of the uterine endometrium varies with reproductive status (see Finn and Porter 1975) , it is possible that alterations in the susceptibility of the uterine tissue to disruption by collagenase could occur with advancing pregn!lcncy and pseudopregnancy and thereby influence metabolism through changing proportions of different cell types in the isolate. However, there was no significant change in the total number of cells isolated from uterine horns during early pregnancy or pseudopregnancy in the present study.
The increased Con A-mediated agglutinability of the uterine cells observed on day 1 and on days 4 and 5 post coitum, when pro-oestrous and nidatory oestrogens are produced, respectively (Finn and Porter 1975) , is consistent with the findings of Pietras and Szego (1979) that 17p-oestradiol elicits membrane modifications in isolated endometrial cells. If these results reflect true membrane modifications that occur under normal physiological conditions and are not simply artefacts of the isolation procedure, the membrane changes occurring on day 4 post coitum in particular may be key factors in allowing stimulation of the epithelium by blastocysts (Johnson and Calarco 1980) or Con A (Buxton and Murdoch 1982) to induce a nCR -and increase the oxidative metabolism of glucose. Similar stimulatory effects of Con A on the oxidative metabolism of isolated white fat cells have been reported by Czech and Lynn (1973) . In addition, the ability of this lectin to mimic the action of insulin on the oxidative metabolism of glucose by the endometrial cells used in the present study confirms the observations of other investigators (Cuatrecasas and Tell 1973; Czech and Lynn 1973; Katzen and Mumford 1976) and indicates that the isolation procedure does not seriously disrupt membrane receptors for insulin (Katzen et al. 1981) .
